Abstract. GLP-1 agonists such as exenatide and liraglutide are novel drugs for the treatment of diabetes and obesity. While improvements in glycemic control can rely on an incretin effect, the mechanisms behind the loss of weight following therapy have yet to be completely elucidated, and seem to be associated with alterations in eating habits, resulting from changes in cytokines e.g. interleukin 1β (IL-1β) and oxidative signaling in the central nervous system (CNS). Increased levels of IL-1β and reactive oxygen species have been demonstrated to exert anorexigenic properties, and astrocytes appear to actively participate in maintaining the integrity of the CNS, which includes the paracrine secretion of inflammatory cytokines and involvement in the redox status. Therefore, the present study decided to explore the influence of exenatide [a glucagon-like peptide 1 (GLP-1 agonist)] on inflammatory and oxidative stress markers in cultured human astrocytes as a potential target for weight reduction therapies. In an experimental setting, normal human astrocytes were subjected to various glycemic conditions, including 40 mg/dl-hypoglycemic, 100 mg/dl-normoglycemic and 400 mg/dl-hyperglycemic, and exenatide, which is a GLP-1 agonist. The involvement of intracellular signaling by a protein kinase A (PKA) in the action of exenatide was estimated using a specific PKA inhibitor-PKI (14-22). The expression levels of IL-1β, nuclear factor kappa κB (NFκB), glial-fibrillary acidic protein (GFAP), p22 NADPH oxidase, glutathione peroxidase, catalase, superoxide dismutase 1, and reactive oxidative species were measured. The present study demonstrated that varying glucose concentrations in the culture media did not affect the protein expression or the level of reactive oxygen species. Conversely, exenatide led to an increase in IL-1β in normoglycemic culture conditions, which was accompanied by the increased expression of p22, glutathione peroxidase and the reduced expression of GFAP. Changes in the expression of IL-1β and p22 were dependent on the activation of PKA. The present study concluded that exenatide predominantly affected astrocytes in normoglycemic conditions, and hypothesize that this impact demonstrated one of novel mechanisms associated with astrocyte signaling that may contribute to weight loss.
Introduction
Diabetes and obesity are reaching pandemic scale worldwide (1) . The targeted and effective methods for the pharmacological treatment of obesity are sparse, but there have been several new therapies introduced into clinical practice to treat type 2 diabetes mellitus [e.g. glucagon-like peptide 1 (GLP-1) agonists, dipeptidyl peptidase-4 (DPP-4) inhibitors or sodium/glucose cotransporter 2 (SGLT-2) inhibitors] which may ease weight reduction (SGLT-2 inhibitors, GLP-1 agonists). Weight loss is crucial to diabetic subjects (2) and it is rather easy to explain the mechanism during the therapy with drugs that induce glycosuria (leading to a glucose loss of up to 300 kcal per day with urine). However, it is not that clear for the other group of novel antidiabetic drugs.
GLP-1 is a hormone that is produced in the gastrointestinal (GI) tract and is liberated after the ingestion of meals, leading to a myriad of effects (i.e. the incretin effect). It lowers GI motility, increases insulin secretion, reduces glucagon level and reduces food intake (3) . As a result, a tendency to reduce the body weight of subjects with type 2 diabetes during the treatment with GLP-1 agonists was noted (4) . This observation led to exploratory studies, which showed the weight-reducing potency of those drugs in non-diabetic subjects (5) . Subsequently, liraglutide (a GLP-1 agonist) has been approved for the treatment of obesity in subjects without diabetes (6) .
Mechanisms behind the weight loss seen during the therapy with GLP-1 agonists are multifactorial and not well understood (7). Nevertheless, it seems that the impact on the central
The impact of exenatide (a GLP-1 agonist) on markers of inflammation and oxidative stress in normal human
astrocytes subjected to various glycemic conditions nervous system and eating habits are crucial. There are several sites in the central nervous system (e.g. hypothalamus) that are linked with eating habits (8) . Neurons that form those centers have limited access to GLP-1 agonists due to the existence of the blood brain barrier (BBB). The BBB is formed from several different cell types, including astrocytes. Astrocytes not only protect neurons, but also actively participate in the transduction of signals from the bloodstream to neurons (9, 10) , which suggest that they have paracrine modulating capabilities in neuronal signaling. A significant positive correlation between astrogliosis, represented by an increased expression of glial-fibrillary acidic protein (GFAP), and obesity in animal studies have been noted (11) . The mediators of astrocyte signaling may include inflammatory pathways (IL-1β and NFκB) and oxidative stress (reactive oxygen species-ROS; the expression of proteins associated with oxidative stress-p22 NADPH oxidase; and anti-oxidative enzymes-catalase, superoxide dismutase and glutathione peroxidase) (12) . It is thought that inflammatory cytokines and excessive oxidative stress may have anorexigenic properties (13, 14) . Inflammation and oxidative stress are exaggerated by variations in glucose concentrations, especially during prolonged hyperglycemia in diabetes (15) . Recent studies have shown that astrocytes are actively involved in the inflammatory and oxidative processes associated with the pathogenesis of several diseases (e.g. major depressive disorder, epilepsy) (16) . In addition, a growing body of evidence suggests their key participation in the pathogenesis of obesity and diabetes (17, 18) . Brain magnetic resonance imaging studies in human subjects showed a significant correlation between glial activation and obesity (19) . Finally, astrocytes are now considered to be contributors in the CNS signaling system (20) . Several studies have explored the impact of GLP-1 agonists on astrocytes, but they have been performed on animal behavioral models (21, 22) or animal-derived astrocytes in an in vitro setting (23) . We have noted that there are few data on the impact of GLP-1 agonists on human non-malignant astrocytes.
Therefore, we conceived a study to assess the short-term impact of exenatide (a GLP-1 agonist) on IL-1β, NFκB, GFAP and redox status in normal human astrocytes (NHA) cultured in vitro. Due to the clinical use of GLP-1 agonists in the treatment of type 2 diabetes and obesity without coexisting diabetes we decided to perform a set of experiments in various glycemic conditions ranging from hypoglycemia (40 mg/dl), via normoglycemia (100 mg/dl) to hyperglycemia (400 mg/dl). In order to explore whether the changes were dependent on PKA activation, which is one of the major downstream pathways responsible for the cellular effects (e.g. inflammatory and oxidative) of GLP-1 agonists (24,25), we performed experiments using a selective PKA inhibitor [PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) ].
Materials and methods
Cell culture. Normal human astrocytes (NHA) cell line was purchased from Lonza, cat. no. CC-2565 (Cell lab, Warsaw, Poland). Cells were thawed accordingly to the supplier's recommendations and cultivated in the astrocyte growth medium (AGM), which consisted of astrocyte basal medium (cat. no. CC-3187) supplemented with AGM SingleQuots (cat. no. CC-4123), both obtained from Lonza. All experiments were done within 7th cell passages. The day before each experiment, culture medium was replaced with glucose-containing medium at predefined concentrations (40, 100 and 400 mg/dl). On the day of the experiment, exenatide, which belongs to GLP-1 agonists (Exendin-4, cat. no. E7144, Sigma-Aldrich; Merck KGaA, Poznań, Poland), was reconstituted in water accordingly to the manufacturer's recommendations. Afterwards it was diluted in the culture medium to achieve 1 mM solution of exenatide. In selected culture dishes, 30 min prior to the addition of exenatide, PKI (14-22) (a pharmacological inhibitor of protein kinase A) was added to the medium at the final concentration of 10 µM. NHA were incubated at 37˚C in the atmosphere containing 95% of air and 5% of CO 2 in a CO 2 incubator (Hera-Cell, Thermo Fischer Scientific, Inc., Grand Island, NY, USA). Those culture conditions are referred further as 'standard culture conditions'. Experiments were performed for 24 h. Afterwards samples were collected and stored as described below. HeLa cell line was a gift from the Department of Biotechnology and Genetic Engineering, Medical University of Silesia, Sosnowiec, Poland. HeLa cells were cultivated in the Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% of bovine fetal serum and 50 µg/ml of gentamycin (cat. no. P04-01550, Pan-Biotech, GmbH, Immuniq, Żory, Poland). HeLa cells were used as a reference cell line that shows low expression of GLP-1 receptors (26) .
Resazurin assay. In order to estimate the viability of cultured cells in the experimental setting the resazurin assay was used. The choice of the assay was based on its reliability, simplicity and sensitivity in the assessment of cell viability (27) . Briefly, one day before the experiment, 5x10 4 NHA were seeded on 24-well culture plate (SPL Life Sciences Co., Ltd., Immuniq) in 0,5 ml of AGM growth medium. On the next day, 50 µl of resazurin dye solution was added into each well (cat. no. TOX-8, Sigma-Aldrich; Merck KGaA). Afterwards cells were incubated for 2 h under standard culture conditions and shaked gently by using rotation platform set at 100 rpm. The decrease in absorbance at a wavelength of 600 nm was measured spectrophotometrically using xMark Microplate Absorbance Spectrophotometer (Bio-Rad Laboratories, Inc., Warsaw, Poland). Additional measurements were done at a reference wavelength of 690 nm and were subtracted from the previous that were obtained at 600 nm.
ROS assessment.
As shown by other researchers, a spectrometry-based assay for determining intracellular ROS production and its level at the final phase of experiments was performed using Nitrotetrazolium Blue chloride (NBT) dye (No. cat. N6876, Sigma-Aldrich; Merck KGaA) (28) . A stock solution (1% NBT) was added into cell culture to the final concentration of 0,1%. Cells were then incubated for 24 h under standard conditions in 24-well plates (5x10 4 ). Thereafter, supernatant was completely removed and 200 µl of PBS solution was added into the cells. A sonication procedure at 80% power intensity for 10 sec. was done in order to disrupt the cells and liberate NBT into the solution. Finally, absorbance at the wavelength of 550 nm was measured using xMark Microplate Absorbance Spectrophotometer (Bio-Rad Laboratories, Inc.).
Western blot analysis. In the western blot analysis, human-specific antibodies were used as follows: For GLP-1 receptor (GLP-1R): Anti-GLP-1R, (Bioss Antibodies Inc. Woburn, MA, USA); for nuclear factor κB (NF-κB p65): Anti-NF-κB (Cell Signaling Technology, Lab-JOT Ltd., Warsaw, Poland); for NADPH oxidase (p22): Anti-CYBA; for GFAP: GFAP Polyclonal Antibody (Thermo Fischer Scientific, Inc., Warsaw, Poland); for glutathione peroxidase (GPx): Anti-GPX1; for catalase (Cat): Anti-Catalase and for superoxide dismutase-1 (SOD1): Anti-SOD1 (all from Sigma-Aldrich; Merck KGaA). For quantitative analysis, a reference glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein, β-actin or lamin B1 were estimated in every sample using an anti-GAPDH antibody, Actin-beta antibody (both obtained from Thermo Fischer Scientific, Inc.) or Anti-Lamin B1 antibody (Abcam, Symbiosis, Rotmanka, Poland).
Cells were cultured on 12-well culture plates (1x10 5 cells per well) (SPL Life Sciences Co., Ltd.). Prior to cell lysis, plates were placed on ice and cells were washed briefly with 500 µl of ice-cold PBS. Protein extraction was done using 150 µl of cold RIPA buffer supplemented with 1.5 µl of Halt Protease Inhibition Cocktail (1:100 v/v) per well (both chemicals from Thermo Fischer Scientific, Inc.). The amount of total protein was measured in each sample by bicinchoninic acid assay (BCA assay) technique and total protein concentration was calculated according to the standard curve based on bovine serum albumin (BSA) solutions of known protein concentration (Thermo Fischer Scientific, Inc.). Proteins from cell lysates were separated by means of electrophoresis in polyacrylamide gel in the presence of ColorPlus Prestained Protein Marker (New England Biolabs, Lab-Jot, Warsaw, Poland). 20 µg of total protein was loaded into gel slots. After separation, proteins were right away electroblotted onto PVDF membrane (Merck Millipore, Poznań, Poland). Membranes were blocked by incubation in 3% bovine serum albumin (BSA) solution in Tris-buffered saline (1X TBS) for two hours and then membranes were placed in 3% BSA/1X TTBS (TBS supplemented with 0,05% of Tween-20) containing one type of antibody at a final dilution of 1:1,000, except for anti-GAPDH antibody that was diluted to a greater extent (1:2,000). Incubations were performed for 1 h at ambient temperature with continuous rocking. Then, after two washes in TTBS for 10-min each, an Anti-rabbit IgG (whole molecule)-peroxidase antibody (No. cat. A0545, Sigma-Aldrich; Merck KGaA) was added (antibody dilution: 1:10,000 in 3% BSA/TTBS). Incubation was performed for one hour under continuous rocking. Finally, after three washes (2X TTBS for 5 min. each and 1X TBS for 5 min.), a specific chemiluminescent signal was developed (Pierce ECL Western Blotting Substrate, Thermo Fischer Scientific, Inc.). After development, membranes were digitalized using ChemiDoc-It Imaging System (Analytik Jena, Jena, Germany). Measurements of integrated optical density representing the amount of the protein of interest in a sample were done using ImageJ software.
ELISA. Cell supernatants were sampled from cell culture directly before cell lysis for protein analysis was performed (1x10 5 cells per well). After removing from cell culture plate, supernatants were aliquoted in 500 µl and frozen at -80˚C for ELISA analysis. The concentration of interleukin-1β in NHA cell supernatant was estimated using Human IL-1β ELISA kit (Diaclone, cat. no. 850.006, Immuniq)-according to the supplier's instructions for use. The level of IL-1β showed the level of expression and secretion of this cytokine to the culture media. Every sample was analyzed in triplicate. The measurements of absorbance at the wavelength of 450 nm were done using xMark Microplate Absorbance Spectrophotometer (Bio-Rad Laboratories, Inc.). A second measurement at a reference wavelength of 620 nm was done and this value was subtracted from that of 450 nm.
Statistical analysis. The normality of distribution of data was evaluated using Shapiro-Wilk's test. Afterwards data were analyzed using one-way ANOVA test with post-hoc Tukey test and were reported as mean ± SE. The P level below 0.05 was considered as statistically significant.
Results
The expression of GLP-1R. The first objective of the study was to examine the presence of potential targets of the therapy by confirming the expression of GLP-1 receptors in NHA. The experiments showed that these cells expressed substantial amount of GLP-1 receptors (Fig. 1) .
The viability of NHA in culture conditions. In the next step of the study, the viability of cells was assessed in all selected glycemic conditions and in the absence or presence of exenatide in culture media. We estimated that the viability of NHA in all culture conditions ranged between 98.76 and 108.7%. No statistically significant differences between treatment groups were observed. Therefore, data were not presented in the figure. -1β) in the culture medium. In the next step of the experiment, the impact of selected glycemic conditions and exenatide on a marker of inflammation (IL-1β) was estimated. The IL-1β level was not altered in any of the selected glycemic conditions without exenatide. However, exenatide led to a rise (51%; P=0.022) in the concentration of IL-1β in normoglycemic cultures (Fig. 2A) . The impact of the GLP-1 agonist in hypo-and hyperglycemia was statistically insignificant.
The impact of various glycemic conditions and exenatide on the level of interleukin 1β (IL

The impact of various glycemic conditions and exenatide on the expression of nuclear factor kappa B (NFκB).
Despite the impact of exenatide on IL-1β levels the expression of NFκB remained unaffected in all experimental conditions (Fig. 2B) .
The impact of various glycemic conditions and exenatide on the expression of GFAP. The GFAP expression was not affected by different glycemic culture conditions. However, a significant reduction in the expression of GFAP was noted in cells exposed to exenatide under normoglycemic (42%; P= 0.014) and hyperglycemic (56%; P= 0.005) conditions. Exenatide failed to impact the expression of GFAP in hypoglycemic conditions (Fig. 2C) .
The impact of various glycemic conditions and exenatide on the expression of NADPH oxidase (p22).
In the next step of our study, a set of experiments estimating the oxidative stress was performed. The first results (without a GLP-1 agonist) showed a positive trend toward higher expression of p22 that was concurrent with the increasing concentration of glucose in the culture medium, but it was not statistically significant. On the other hand, exenatide showed a strong influence on the p22 expression. GLP-1 agonist nearly doubled the expression of p22 in hypoglycemic conditions (94% increase in p22 expression; P= 0.001), while the impact on p22 in normoglycemia resulted in an increase, reaching 47% (P= 0.021). No impact of exenatide was noted in hyperglycemic culture conditions (Fig. 3A) . Of note, the expression of p22 in astrocytes in the presence of exenatide decreased with increasing concentrations of glucose. The magnitude of the reduction between hyperglycemia and hypoglycemia reached 36% (P= 0.011).
The impact of various glycemic conditions and exenatide on the expression of glutathione peroxidase (GPx).
Several other experiments focused on the expression of proteins connected with the protection against oxidative stress. Glutathione peroxidase expression was not affected by changes in the glucose concentration without exenatide. However the GLP-1 agonist was able to significantly elevate the level of GPx (76% increase; P=0.015) in NHA cultured in normoglycemic conditions. However, the GPx expression after exposure to exenatide in hyperglycemia and hypoglycemia remained unaffected (Fig. 3B) . 
The impact of various glycemic conditions and exenatide on the expression of catalase (Cat).
Regardless of the concentration of glucose in culture media, the expression of catalase, the second most important antioxidative enzyme, did not change. However, exenatide led to a surprising decrease (42%; P= 0.022) in catalase expression in NHA cultured under hyperglycemic conditions (Fig. 3C) .
The impact of various glycemic conditions and exenatide on the expression of superoxide dismutase 1 (SOD1).
Experiments on the expression of SOD1 did not show any statistically significant impact of various glycemic conditions, regardless of the presence or absence of exenatide (Fig. 3D) .
The impact of various glycemic conditions and exenatide on the level of reactive oxygen species (ROS).
Noteworthy, despite changes in the expression of p22 and antioxidative enzymes, experiments did not show any significant influence of culture conditions on the amount of ROS generated by NHA (Fig. 3E) .
Experiments with protein kinase A inhibition. The activation of protein kinase A is the main mechanism of intracellular downstream signaling from GLP-1 receptors. Therefore, in order to explore whether alterations in concentration of IL-1β and the expression of p22, catalase and glutathione peroxidase were the result of GLP-1 activation, a set of experiments with PKI (14-22) (a pharmacological inhibitor of protein kinase A) was performed under normoglycemic conditions. PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) , as a sole addition to the culture medium, did not affect the measured variables compared to control cultures, which were supplemented only with glucose at a final concentration of 100 mg/dl. However, a significant dampening of the influence of exenatide was noted when PKI (14-22) was added to culture media (Fig. 4) . In detail, PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) significantly reduced IL-1β concentration by 24% (P= 0.047) in exenatide-treated NHA, resulting in levels comparable to those seen in control cultures. PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) was also able to inhibit p22 expression by 37% (P= 0.048) in cells treated with PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) plus exenatide compared to cells treated with exenatide alone. The impact of PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) on the effects of exenatide on GPx and catalase showed only a trend between PKA activation and their expression, but this did not reach statistical significance. These experiments showed that the impact of exenatide on NHA relies to some extent on the activation of protein kinase A, which is a major signaling transduction pathway from GLP-1 receptors.
Discussion
Our study was focused on the assessment of inflammatory status and redox potential of NHA subjected to hypo-, normo-and hyperglycemia in the absence or presence of exenatide (a GLP-1 agonist). According to our results, short-term exposure only to varying glycemic conditions was not connected with changes in the studied parameters of the NHA. Noteworthy, we noted increased inflammatory activity (expressed by an elevated level of IL-1β in culture media) in cells subjected to the treatment with exenatide in normoglycemic conditions, which was accompanied by the reduced expression of GFAP in normoglycemic and hyperglycemic conditions. We also observed that exenatide affected redox status in NHA. There was an increase in the expression of p22 in NHA cells treated with exenatide in hypoglycemic and normoglycemic conditions. These changes were accompanied by the increased expression of the antioxidative enzyme GPx under normoglycemic conditions and a decrease in Cat expression in cells subjected to both hyperglycemia and exenatide. Finally, we confirmed that the observed effects were partially reversible by a pharmacological inhibitor of PKA (PKI [14] [15] [16] [17] [18] [19] [20] [21] [22] in normoglycemic cultures.
The CNS inflammatory signaling has recently been connected with the pathogenesis of obesity (29) . For several years, it has been known that astrocytes actively participate in the process of signal modulation and transduction in the CNS. They gather inputs from the bloodstream, transport particles through the BBB and convey their signaling by the secretion of cytokines and changing local redox status (30) . According to our results, varying the glucose concentration in the culture media did not change the level of IL-1β secreted and did not affect NFκB expression. However, we noted a remarkable increase in IL-1β level in normoglycemic cultures treated with exenatide We believe that the increased level of IL-1β might be a way to convey signals in the CNS by astrocytes. The increased expression of IL-1β was accompanied by a reduced glial activation in normoglycemic and hyperglycemic condition, which was shown by a reduction in the GFAP expression. Of note, we did not see a significant change in the expression of NFκB under similar conditions. This observation seems to be in contrast to previously published experiments with GLP-1 agonists in human macrophages. Human macrophages exposed to exenatide expressed less IL-1β (31) . However, the NFκB binding activity remained unaffected in exenatide-treated macrophages (32) . GLP-1 agonist reduced IL-1β expression and inflammatory cytokine levels even more extensively in macrophages that were concurrently subjected to lipopolysaccharide (LPS). Similar results were observed in LPS-treated astrocytes, showing a significant reduction in IL-1β levels in cells treated with LPS (33) . Moreover, in mice receiving intrahippocampal LPS injection, a significant reduction in NFκB and IL-1β was reported in the presence of exenatide (21) . However, others published data showing that the GLP-1 agonist without strong proinflammatory stimuli actually increased the expression of proinflammatory cytokines (34) . Therefore, it seems that the discrepancy may be a result of a different cellular response in severe inflammation (e.g. infection) and in physiological conditions (which should be reflected in culture conditions that is devoid of strong inflammatory stimuli). In our study, which was conceived without strong proinflammatory stimulus, we showed that exenatide increased the expression of IL-1β, which, in paracrine way, may be responsible for altered feeding behaviors. Previously, it was shown that IL-1β had anorexigenic properties and could affect body weight at the hypothalamic level (35) . Of note, we noted that exenatide had the ability to elevate the level of IL-1β under normoglycemic culture conditions, which is concordant with the extended therapeutic indications of GLP-1 agonists to treat obesity even without coexisting diabetes. Remarkably, in contrast to the findings in animal-derived astrocytes, we did not observe a concurrent rise in NFκB expression with IL-1β (36) . However, there are several differences between the experimental settings. Astrocytes in animal studies were purified cells derived from mice brain samples. The culture consisted of >95% astrocytes, but the remaining population might contain highly reactive microglial cells that significantly altered IL-1 expression due to their great ability to amplify IL-1β expression on external stimuli (37) . Furthermore, in the study by Wang et al (36) , it was established that NFκB activation and subsequent IL-1β expression was dependent on the coincident aggravated oxidative stress. In our experiments on NHA, we did not observe any significant changes in the ROS level, which may have prevented the activation of NFκB. The possible explanation for an increase in IL-1β by exenatide is the impact of the GLP-1 agonist on mitogen-associated protein kinases (MAPKs) (38) . MAPKs are downstream kinases that are activated by PKA; in our experiments, we showed that PKA inhibitor was able to reduce the IL-1β levels in the culture media to levels comparable to those of control control. Finally, it seems that not only interspecies differences may lead to unexpected results. It was shown that the inflammatory responsiveness of cells derived from patients with diabetes and healthy volunteers differed significantly (39) . IL-1β was very low in peripheral blood mononuclear cells (PBMCs) that were derived from healthy population and their response to GLP-1 receptor stimulation was negligible; however, in cells from patients with diabetes (hyperglycemic), the basal IL-1β level was high and strongly reduced by GLP-1 agonists. This may be a peculiar type of a legacy effect that results in varied responses to stimuli in different background conditions. The issue of different response of NHA to exenatide in our experiments is still not completely clear, but the strength of our experimental setting and the use of commercially available human non-malignant cell line should reduce potential confounders. We speculate that the direct impact of exenatide on NHA IL-1β signaling may be at least partly responsible for the mechanisms behind weight reduction during GLP-1-based therapies, even without coexisting diabetes. Furthermore we showed reduced astrogliosis, which seems to be connected with beneficial effects in the treatment of diet-induced obesity in animal models (40) .
Diabetes and obesity are connected with increased systemic and local oxidative stress (15) . More importantly, endoplasmic reticulum (ER) stress in astrocytes has been connected to several diseases, including obesity (41) . At the cellular level, ER stress led to the increased generation of ROS in mitochondria. Astrocytes may play a dual role in the pathogenesis of obesity and diabetes. These cells may protect neurons from hostile environment (42) or may become a source and transducer of detrimental stimuli (43) . Our results showed that the short-term exposure of astrocytes to varying glucose concentrations in culture media was not sufficient to change the ROS level. On the other hand, exenatide in hypoglycemic and normoglycemic conditions increased the expression of p22, which is a major source of ROS. This change in the expression of p22 might lead to a local increase in ROS generation. However, it seems that exenatide action on astrocytes is multifactorial, while it simultaneously affected the expression of anti-oxidative enzymes (GPx in normoglycemic cultures and catalase in hyperglycemic conditions). As a result of the above-mentioned changes in protein expression, there have been no changes in the level of ROS. These results might suggest that exenatide, in normoglycemic conditions, affected the redox status by altering the anti-oxidative capacity, expressed by the elevated GPx level. This resulted in an unchanged level of ROS, despite a significant increase in the expression of major ROS donor. ROS are considered sensitizers of behavior, which may lead to over-nutrition (44) . Recent studies show that exenatide may have neuroprotective properties in an in vivo model of neurodegenerative diabetic rats by a reduction of oxidative stress (45) . Excessive oxidative stress was also abolished by exenatide in the ischemic model of cardiac muscle injury (46) . Noteworthy, it was also noted that excessive oxidative stress that occurred in rat model of cerebral stroke led to a significant reduction in the level of GLP-1 receptors (47) . This loss might be at least partly compensated by the exogenously administered exenatide. Those results show a significant impact of exenatide on markers of oxidative stress in animal or in vitro models of various acute injuries. On the other hand, we performed a study that was deprived of strong inflammatory (e.g. LPS, TNF alpha) or oxidative stressors (e.g. H 2 O 2 ). This was intentional, as such experimental conditions may more accurately reflect naturally occurring changes in the microenvironment. Our previous experiments on human macrophages also failed to show a spectacular impact of exenatide on ROS levels, while a parallel minute increase in p22 expression was noted (48) . Only after strong pro-inflammatory stimulation was a clear protective effect of GLP-1 agonism against oxidative stress noted. In the current experiment, we did not wish to expose astrocytes to supraphysiological stimuli and also chose the NHA cell line instead of animal or human neoplastic lines, which may be less or more responsive than other cell lines. However, we consider that these experimental conditions should more closely reflect naturally occurring processes. While the lack of impact on the global ROS level in our experimental setting may be surprising, it should be kept in mind that local changes in redox status resulting from the altered expression of NADPH oxidase and antioxidative enzymes may also take part in cell signaling.
In summary, we have found that astrocytes were susceptible to exenatide stimulation and that the net effect seemed to rely on background glucose concentration. Exenatide significantly increased the secretion of IL-1β in normoglycemic conditions and reduced GFAP expression in normo-and hyperglycemic cultures. The expression of p22 NADPH oxidase was also elevated in normoglycemic and hypoglycemic conditions. Those alterations were accompanied by changes in the expression of antioxidative enzymes (GPx and Cat) under normoglycemic and hyperglycemic conditions. The current findings showed some novel aspects of paracrine signaling in normal human astrocytes exposed to exenatide in selected glycemic condition. While it is tempting to attribute them as being responsible for the impact on eating habits and reduced food intake, further studies in different experimental conditions (e.g. co-culture, in vivo settings) are warranted to explore such an assumption.
The limitation of our study must also be taken into account. The in vitro setting definitely does not reflect the complexity of cellular interplay in the CNS and entire organism. The relatively short-term culture in contrast to the long-lasting burden of hyper-or hypoglycemia may have a slightly different impact on astrocytes. Therefore further testing in a more complex setting, as above-mentioned co-cultures, are vital to attempt the transition of cellular into clinical research. However, we believe that the use of human astrocytes and the non-inflammatory culture conditions contribute substantially to the currently available data.
